Metal-enhanced fluorescence (MEF) is an optical process that has attracted increasing attention over the past decade, for its applications in many areas of optics, molecular physics, medical diagnostics, and biological research.^[@ref1]−[@ref7]^ For MEF to occur, a fluorophore has to be placed in close proximity to a metal surface. The localized surface plasmon resonance (LSPR) of the metal can strongly amplify the absorption of incident light used for photoexcitation, and the energy can be transferred to the fluorophore if the LSPR band has a substantial overlap with the excitation spectrum of the molecule.^[@ref4]^ Metal nanoparticles are particularly intriguing MEF antennas, since they can be used to generate significant local enhancement of the surrounding electromagnetic field, especially at the tips and corners.^[@ref8],[@ref9]^ In addition, light scattering from the metal can assist in radiating the fluorescence emission from the fluorophore to the far-field. As a result of these mechanisms, the brightness and quantum yield of the fluorophore increase, as well as its photostability.^[@ref3],[@ref7]^ In the past, various types of metal nanoparticles and surfaces have been examined as MEF agents. These include systems made of Au,^[@ref10]−[@ref14]^ Ag,^[@ref8],[@ref9],[@ref15]−[@ref18]^ and Cu,^[@ref19]^ with a variety of shapes such as spheres,^[@ref11],[@ref12],[@ref19],[@ref18]^ rods,^[@ref9],[@ref14]^ plates,^[@ref8]^ prisms,^[@ref15]^ shells,^[@ref13],[@ref14]^ and cubes,^[@ref16]^ as well as nanoporous and continuous films.^[@ref10],[@ref17]^ Most recently, Ag nanocubes deposited on metal films with a nanosized gap loaded with emitters has been demonstrated as an excellent nanoscale patch antenna for large Purcell enhancement.^[@ref20]^

Among the different emission bands of available fluorophores, near-infrared (NIR, with wavelengths in the range 650--900 nm) is especially important because it is commonly used in proteomic and genomic analysis, it is noninvasive with respect to living tissues, and it generally shows reduced autofluorescence and deep penetration for soft tissues.^[@ref21],[@ref22]^ This spectral region is also known as "water window" due to the minimal light absorption from water (absorbing for wavelengths above 900 nm) and, at the same time, from hemoglobin (absorbing for wavelengths below 650 nm), thus offering high transparency when imaging soft tissues and blood.^[@ref23]^ The distinct features of NIR over UV and visible fluorescence also include the generally lower background signal related to autofluorescence from organic materials, as well as a largely reduced possibility of photoinduced damage. These features are remarkable when dealing with molecular samples and chromophores. On the other hand, achieving bright emission with NIR fluorescent molecules is generally much more difficult than with UV or visible chromophores and dyes. Hence, effective MEF-platforms allowing NIR fluorescence to be enhanced are very desirable, and can open up new routes for high-performance diagnostic devices and photonics.

Most of the MEF studies have been hitherto focused on fluorophores emitting in the visible region. Among the very few attempts targeting NIR, Anderson *et al.* studied Ag films deposited from AgNO~3~ solutions and coated with dye-labeled DNA oligonucleotides and proteins.^[@ref24]^ Bardhan and colleagues studied Au nanoshells on silica particles and Au nanorods, to which indocyanine green or other chromophores were conjugated by involving silica or serum albumin spacers.^[@ref13],[@ref14]^ In designing such experiments, one has to address a number of issues, including engineering of the LSPR frequency and experimental achievement of the nanoscale distance between the metal and the fluorophore required for MEF. For these reasons, developed processes generally involve multiple and complex steps for particle functionalization and conjugation. In addition, the MEF agents used often lack the potential for multifunctionality, namely for inducing bright NIR-fluorescence and eventually carrying other diagnostic or therapeutic molecules simultaneously.

In this work, we address these issues by demonstrating MEF in the NIR region based on Au nanocages, which are straightforwardly incorporated into a well-defined, microprinted structure with tight spatial control. Due to their chemical stability, finely tunable LSPR in the NIR, and large light absorption cross sections (much higher than typical organic dyes),^[@ref25]^ Au nanocages are ideal MEF agents. The LSPR peaks of Au nanocages can be tuned from the visible to the NIR region by simply controlling their size and wall thickness.^[@ref25]^ Surprisingly, these properties have never been exploited before to develop nanocages as effective MEF agents. Here, MEF was demonstrated in NIR light-emitting films and electrospun polymer nanofibers, with additional spatial control provided by microprinting of nanocages. The dependence of the enhancement on the distance from the cage to the radiating dipoles can be predicted based on the local electric field enhancement and the modified radiation and absorption rates of the emitting molecules. The combination with their hollow interior and controllable surface porosity for carrying drugs for targeted delivery, as well as their potential use as photothermal transducers,^[@ref26],[@ref27]^ makes nanocages a unique, multifunctional platform for diagnostics, therapeutics, and photonics.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a schematics of the procedure used for fabricating the MEF substrates, which consist of patterned Au nanocages, covered by an e-beam deposited SiO~2~ spacing layer, and by a dye-doped light-emitting polymer film or nanofiber. The Au nanocages with a hollow and porous structure were prepared in an aqueous solution through a galvanic replacement reaction that involved the use of Ag nanocubes as a sacrificial template and HAuCl~4~ as a precursor. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows a transmission electron microscopy (TEM) image of the as-obtained Au nanocages. They have an average edge length of (70.2 ± 4.6) nm. The silica layer has good optical transparency, low surface roughness of ∼1 nm, and refractive index of about 1.45.^[@ref28]^ It keeps the fluorophores out of direct contact with the Au surface, where quenching might dominate over fluorescence enhancement. The LD 700 perchlorate dye is chosen as the fluorescent probe because it is one of the most commonly used fluorophores for DNA staining and flow cytometry, as well as for low-threshold, mode-locked, and microlasers.^[@ref29],[@ref30]^ In addition, its spectral characteristics match the response range of photomultiplier detectors and arrays typically used for confocal imaging and visible-NIR spectroscopy (see [Methods](#sec4){ref-type="other"}). The dye absorption and emission spectra are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, together with the broad LSPR band of the Au nanocages. If needed, the LSPR peaks of the resultant Au nanocages could be precisely tuned to match the fluorescence emission peaks of most dyes by titrating the Ag nanocubes with different amounts of an aqueous HAuCl~4~ solution or using Ag nanocubes with different sizes as the templates.^[@ref31],[@ref32]^

![(a) A schematic showing all major steps involved in the fabrication of MEF substrates based on Au nanocages: (i) microcontact printing of APTES, (ii) immobilization of Au nanocages on the regions covered by APTES, (iii) deposition of a SiO~2~ layer over the entire surface through e-beam evaporation, and (iv) deposition of an emissive layer to achieve a spatially resolved MEF. (b) Transmission electron micrograph of the Au nanocages. Scale bar: 100 nm. (c) Absorption (blue curve) and emission (red curve) spectra of the LD 700 dye, and extinction spectrum (black curve) of the nanocages. Inset: schematic illustration of the MEF and molecular structure of LD 700. *l*: the distance between an emitter and the surface of the Au nanocage.](nn-2015-03624r_0002){#fig1}

Micropatterning and Spacing Control {#sec2.1}
-----------------------------------

The nanocages were immobilized on quartz substrates as patterned arrays with micrometer resolution. To this end, the surface of a quartz substrate was patterned with (3-aminopropyl)triethoxysilane (APTES) through microcontact printing. The silane molecules were patterned as an array of squares 50 μm in edge length, followed by the selective immobilization of Au nanocages onto the APTES regions. The nanocages are then stably bonded providing a uniform surface coverage of (20 ± 2)% (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b and Figure S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). The degree of surface coverage by nanoparticles mainly depends on the effectiveness of APTES microcontact printing and on the concentration of nanocages used for immobilization. To create such uniform patterns, we have to pretreat the substrates with piranha solution and oxygen plasma to favor the formation of stable bonds between the silanes and quartz, and sonicate the suspension of nanocages to avoid clustering or agglomeration. Once the MEF-substrates based on nanocages have been prepared and then coated with SiO~2~ layers, various polymer films and nanostructures can be deposited on top of them. The substrates can be utilized many times, with different types of organic patterns. To highlight the feasibility of combining nanocage-based MEF substrates with different nanostructures, we also exploit NIR-light emitting polymer nanofibers directly deposited on the silica layer. The nanofibers are fabricated by electrospinning polyacrylonitrile (PAN) doped with LD 700, whose emission can be precisely modulated by the pattern of nanocages underneath (Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)).

![Scanning electron micrographs of a patterned array of squared regions covered by Au nanocages, with each square having an edge length of 50 μm. The Au nanocages have an edge length of 70 nm. Inset in (a): image of an individual square at a higher magnification. Scale bar: 500 nm.](nn-2015-03624r_0003){#fig2}

It is well-known that MEF critically depends on the distance between the metal surface and the fluorophores.^[@ref1]−[@ref3]^ To investigate this issue in depth in our system, we systematically varied the thickness of the deposited silica layer, to move through the different regimes of interaction between the nanocages and NIR fluorophores. The fluorophores were deposited from a chloroform solution of poly(methyl methacrylate) (PMMA) containing LD 700, by spin-casting onto the SiO~2~ layer. The resulting samples with different nanocage-LD 700 distances were then observed by laser confocal microscopy and the images are shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf). For distances below 50 nm, fluorescence quenching is clearly observed, whereas for distance beyond 50 nm, MEF is found with a maximum enhancement at a nanocage-fluorophore spacing of 80 nm. A maximum enhancement up to about 7 times with respect to the emission from pristine dyes is estimated, by taking into account the coverage of nanoparticles on the substrate. The dependence of the enhancement factor on the wavelength was also studied for different values of the spacing distance (50, 80, and 110 nm), that is, in the different regimes of nanocages--fluorophore interactions. Generally, maximum MEF can be seen at wavelengths in the region of 660--740 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The corresponding LD 700 emission spectra under pristine conditions, and under MEF at an emitter--nanocage separation of 80 nm are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b.

![(a) Fluorescence enhancement factors measured for MEFs with SiO~2~ layers of 50 nm (squares), 80 nm (circles), and 110 nm (triangles), in thickness. (b) Corresponding photoluminescence spectra recorded from the dye molecules located in a region without (dashed line) and with Au nanocages (continuous line), highlighting the MEF-induced enhancement. The top-right inset shows an exemplary confocal micrograph of a patterned MEF substrate. Scale bar: 25 μm. A set of confocal images recorded from MEF substrates with different nanocage-emitter distances is shown in Figure S3 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf).](nn-2015-03624r_0004){#fig3}

Nanocage-Enabled MEF {#sec2.2}
--------------------

To rationalize the observed behavior of nanocage-enabled MEF for LD 700, one has to consider that the fluorescence rate, Γ~fl~^0^, of an emitter is determined by its own excitation rate, Γ~exc~^0^, and the intrinsic quantum yield, η^0^, which is defined by η^0^ = Γ~rad~^0^/(Γ~rad~^0^ + Γ~nr~^0^),^[@ref33]^ where Γ~rad~^0^ and Γ~nr~^0^ are the intrinsic radiative and nonradiative relaxation rate of the emitter in free space, respectively (Γ~fl~^0^ = Γ~exc~^0^·η^0^). In particular, the fluorescence rate will be modified when the emitter is positioned next to a nanostructure, due to the scattering from the nanostructure. The modification can take place through two physical processes: fluorescence excitation and radiation. The excitation process is related to the transition rate from the ground state to the excited state of the dye. Such a rate is square-proportional to the transition matrix element \|**p**·**E**\|, with **p** and **E** being the molecular dipole moment and local electric field, respectively. Hence, the excitation enhancement can be simply linked to the enhancement in local field intensity. Indeed, from the quantum theory of fluorescence transition, the excitation modification factor can be written as Γ~exc~/Γ~exc~^0^ = \|*E*\|^2^/\|*E*~0~\|^2^, where *E*~0~ is the incident field. The excitation modification factor is thus directly related to the local field enhancement factor, which can be readily calculated by means of electromagnetic simulations using, for instance, the finite-difference time-domain (FDTD) method. In our calculation, the surface on which nanocages are deposited is defined as the plane for the *x* and *y* axes, whereas its normal direction is labeled as *z*, as schematically illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. A *z*-axis incident plane wave with *y*-polarization electric field is used to excite the metallic nanostructure, from which the local field as well as the fluorescence excitation modification factor at the wavelength, λ~exc~ = 640 nm, can be obtained. Then, we use a dipole source emitting at the maximum dye emission wavelength (∼675 nm) and placed next to the nanostructure, to calculate the local field, from which the modified radiation and absorption rates of the molecules (Γ~rad~/Γ~rad~^0^ and Γ~abs~/Γ~rad~^0^), are derived to establish the modified quantum yield (η/η~0~). The modified factor for the fluorescence rate of molecules with a given orientation is then written as

![(a) A schematic of the MEF structure used in our simulations, in which a Au nanocage is embedded in a dielectric medium at *x* = *x*~CN~. Here *l* indicates the distance from the nanocage to an emitting dipole embedded in the dielectric medium. (b) Calculated local field enhancement around the nanocage.](nn-2015-03624r_0005){#fig4}

The ultimate enhancement factor (*G*) is also affected by the collection angle associated with the experimental setup (≅ 24° in our experiments), which critically depends on the particular orientation of the emitting dipole in space:

In this expression, we sum on the three spatial directions and introduce the collection efficiency coefficients with (without) the nanostructure, *C* (*C*^0^), and the coefficients, α~*i*~, which indicate the amount of emitting dipoles with orientation along each one of the three axes (the subscript, *i*, indicates the orientation of the dye molecule).

First, we performed simulations for nanocages with different edge lengths in the range of 50--80 nm and different wall thicknesses in the range of 4--8 nm ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). The nanocage was surrounded by a dielectric medium made of SiO~2~, and our goal was to find the most suitable geometric parameters for the nanocage that would give an extinction spectrum analogous to that measured experimentally. The edge length derived from such a study was 70 nm, together with a wall thickness of 6 nm ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). This allowed us to calculate the local field enhancement, Γ~exc~/Γ~exc~^0^, induced by the nanocage ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). This enhancement is found to rapidly attenuate when one moves away from the particle ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). We then calculated the modified radiation and absorption rates of the molecules with different spatial orientations and at different distances from the nanocage (*l* = 15, 35, 55, 75, 95, and 115 nm). The results are shown in [Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf), respectively. The ultimate enhancement factor for the dye molecules is determined, whose spatial variation is found to critically depend on the pristine quantum yield of the emitter. For a low-efficiency dye (η~0~ ≅ 0), the resulting curve does not fit the experimental one regardless of the light polarization considered ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)), whereas for dyes with higher intrinsic quantum yields, one can get curves which more closely resemble those from experimental measurements. In general, the fluorescence radiation enhancement is expected to be especially sensitive to the pristine efficiency of the dye used as discussed above. We find that for *x*-polarized emitting dipoles a lower efficiency leads to a higher enhancement regardless of the nanocage-emitter distance ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), whereas for *z*-polarized dipoles, an increasing or decreasing trend is obtained for the enhancement upon decreasing η~0~ for values of *l* below or above 50 nm, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

![Calculated enhancement factor for a chromophore with (a) *x*-polarized and (b) *z*-polarized dipole and various nanocage-emitter distances and emitter yields. The nanocages have an edge length of 70 nm, and the collection angle is set to 24°. From top to bottom (referred to data points for *l* = 15 nm): η~0~ = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0.](nn-2015-03624r_0006){#fig5}

We also consider variations to the final enhancement factor upon varying the coordinate, *x*~NC~, of the nanocage, namely dislocating the particle at a distance up to 0.5 μm along the *x*-direction (while keeping the emitting dipole at *x* = 0). No dipole--nanocage interaction is effective for *x*~NC~ larger than a few tens of nanometers ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)), suggesting that dye molecules in the PMMA films mainly interact with a single nanocage in our experimental configuration. This determines the in-plane resolution limit for the light-emitting patterns recorded from the nanocage-based MEF substrates. Finally, by taking into account the experimental collection angle as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, one could explain the experimental trends of nanocage-enabled MEF. Results from these simulations, in the prototypical cases of emitting dipoles lying along *z* and of a population of emitting dipoles equally distributed along the *x*, *y*, and *z* directions, are displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. A quantitative agreement is obtained for nanocage--emitter distances below 60 nm, whereas for 60 nm \< *l* \< 120 nm, the experimental values of the fluorescence enhancement slightly outperform the ones from simulations (maximum calculated *G* values are around 1.7 and 1.4 for *z*-polarized dipoles and for an isotropic distribution, respectively). In particular, the isotropic distribution of chromophore orientations in space, as expected for spin-coating deposition, leads to a dependence of *G* on the nanocage--emitter distance which is in agreement with experimental data, with a well-predicted trend including quenching at small *l* values and a maximum at *l* ≅ 60--80 nm followed by a decrease in *G* at larger distances. Discrepancies in the obtained curves could be ascribed to a number of factors, including additional waveguiding and reflection effects of radiation at the involved optical interfaces. In particular, the deposition of the dielectric layer above the particles might lead to chromophore--nanocage distances spanning over a given range of separations. These would likely include separations below the nominal *l* value, especially nearby the top corners of the nanocages, due to the shadow effect and local formation of silica grains during oxide evaporation, which would explain the observed deviation of the *G* maximum with respect to theoretical calculations.

![Fluorescence enhancement factor as a function of the thickness of the dielectric layer (calculated for η~0~ = 0.5, with a collection angle of 24°). The continuous lines serve as a guide for the eyes. Experimental data (dots) are shown together with results from simulations for *z*-polarized chromophore dipoles (empty squares) and for a population of dipoles with isotropically distributed orientations (α~*x*~ = α~*y*~ = α~*z*~ = 0.33 in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, solid squares).](nn-2015-03624r_0007){#fig6}

Finally, the extinction band position is found to affect significantly the NIR-MEF behavior, as evidenced by calculating the *l*-dependence of *G* for nanocages of different size (*e.g.*, 60 and 50 nm, with a wall thickness of 8 nm), therefore showing different spectral peaks (at 730 and 690 nm, respectively). In particular, we find that nanocages with a peak wavelength closer to that of the emitting dye lead to higher enhancement at relatively smaller distances, *l*. For instance, the maximum calculated *G* values for an isotropic distribution of emitting dipoles and *l* around 20--30 nm are ∼1, 1.4, and 3.3, for nanocages with extinction band maxima at about 850, 730, and 690 nm, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). Overall, these results demonstrate that the microprinted nanocages are good MEF substrates with quite well predictable characteristics for utilization in biochips, diagnostics, and photonics.

Conclusions {#sec3}
===========

We have systematically investigated the potential of Au nanocages as a novel class of MEF substrates in the NIR region. We deposited the Au nanocage as a patterned array on a solid substrate through microcontact printing. This allowed us to reliably examine the trend of the fluorescence enhancement factor as a function of the nanostructure--fluorophore distance. We also studied the enhancement in depth by numerical simulations and a reasonable agreement was achieved between the experimental and computational results. Applications of this technology will include planar immunoassays with nanoscale control over the diagnostic information and concomitant deep penetration capability into soft tissue specimens, development of new nanophotonic systems, and fabrication of nanoscale bar codes addressable by the nanocages and their patterns.

Methods {#sec4}
=======

Synthesis of Au Nanocages {#sec4.1}
-------------------------

The Au nanocages were prepared using a galvanic replacement reaction between Ag nanocubes (55 nm in edge length) and HAuCl~4~ by following one of our previously reported protocols.^[@ref31]^ The reaction was monitored by measuring the LSPR peaks with a UV--vis spectrometer (Lambda 750, PerkinElmer, Waltham, MA). The titration was terminated when the main LSPR peak of the Au nanocages had reached ∼850 nm. The final products were collected by centrifugation and washing with saturated NaCl solution once and DI water three times. The geometric parameters of the Au nanocages such as the edge length (70.2 ± 4.6 nm) and wall thickness (7.8 ± 1.5 nm) were estimated using a transmission electron microscope (Hitachi 7500, Tokyo, Japan).

Micropatterning of Au Nanocages {#sec4.2}
-------------------------------

Masters with square patterns (period = 85 μm) were fabricated by photolithography with the use of Si/SiO~2~ (SiO~2~ thickness = 100 nm) substrates. After photoresist deposition (Clariant AZ5214E/AZ EBR Solvent 1:1), UV exposure (8.5 min at 45 W) and development, we etched the thermal dioxide with NH~4~F/HF/H~2~O (6.6 g/1.6 mL/10 mL). Poly(dimethysiloxane) (PDMS) stamps were then fabricated by pouring a mixture of Sylgard 184 elastomer and curing agent (w/w = 9:1) onto the masters, and heating at 140 °C for 15 min after degassing. To remove organic residues, the surface of quartz substrates were cleaned by immersion in a freshly prepared piranha solution (7:3, H~2~SO~4~/H~2~O~2~) for 60 min at 120 °C, and rinsed three times for 15 min in bidistilled water under ultrasonication at room temperature. Afterward, the cleaned substrates were treated with an oxygen plasma at a power of 50 W for 1 min. A 10% APTES (Fluka) aqueous solution was deposited on the patterned side of a PDMS stamp for 30 min, which was then dried with a nitrogen stream and put in conformal contact with a cleaned quartz substrate for a few minutes. After peeling-off the PDMS stamp, the solution with Au nanocages was put in contact with the patterned surface for 5 min before rinsing several times with bidistilled water and nitrogen to remove unattached nanoparticles. Micropatterned nanocages were imaged by scanning electron microscopy (SEM, FEI Nova NanoSEM 450), and the degree of surface coverage by nanoparticles was evaluated by the WSxM software.^[@ref34]^

The growth of SiO~2~ layers on the substrates was then carried out by electron-beam evaporation using a Temescal Supersource 2 electronic gun system operated at 9 kV. The silica deposition was performed at 220 °C, with a rate of about 1.5 Å/s and a partial pressure of oxygen of 3 × 10^--5^ mbar. The thickness of the deposited silica was monitored by a quartz microbalance and independently measured by both tapping-mode atomic force microscopy (AFM) and cross-sectional SEM at an acceleration voltage of 15 kV ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03624/suppl_file/nn5b03624_si_001.pdf)). AFM measurements were performed in air at 22 °C, using a Nanoscope IIIa controller with a MultiMode head (Veeco). P-doped Si tips were used with 8 nm nominal curvature radius and resonant frequency of 190 kHz. Solutions of PMMA (Sigma-Aldrich)/LD 700 perchlorate (Exciton, Inc.) (w/w = 0.1%) in chloroform were mixed using an ultrasonicator for 2 h at 40 °C, and by stirring for 12 h at room temperature, and then deposited by spin-coating.

Electrospinning {#sec4.3}
---------------

A solution of PAN/LD 700 perchlorate (w/w = 0.1%) in dimethylformamide (Sigma-Aldrich) (≅ 65 mg/mL) was stirred overnight and then loaded into a syringe with a 23 gauge stainless steel needle. A 10 kV voltage is applied to the needle by a high-voltage power supply (EL60R0.6-22, Glassman High Voltage, High Bridge, NJ) and the injection rate was kept constant at 10 μL/min using a syringe pump (Harvard Apparatus, Holliston, MA). Electrospun fibers with diameters of 110 nm were deposited for a few seconds on the MEF substrates mounted on a grounded collector at a distance of 20 cm from the needle.

Fluorescence Measurements and Analysis {#sec4.4}
--------------------------------------

The absolute fluorescence quantum yield of the dye embedded in a PMMA matrix was measured using an integrating sphere, which involves excitation of the samples with a diode laser and collection of the emission with a fiber-coupled monochromator equipped with a charge-coupled device (CCD, USB 4000, Ocean Optics). This procedure provides an absolute quantum yield of 0.21 ± 0.01 for the dyes embedded in the film. A 2- to 3-fold higher quantum yield is generally observed for dyes dissolved in solutions relative to those in solid-state matrices.^[@ref35],[@ref36]^ Fluorescence micrographs of MEF patterns were obtained using an inverted microscope, Eclipse Ti, equipped with a confocal A1 R MP system (Nikon, Melville, NY). We excited the samples with a diode laser (λ~exc~ = 640 nm) and detected the signals with a spectral detection unit equipped with a multianode photomultiplier with detection wavelength up to 750 nm (Nikon, Melville, NY). MEF and quenching measurements were performed for samples with adjacent Au nanocage-covered and pristine areas, in order to achieve the same conditions for substrate preparation and layer thickness and thus to ensure comparability of the data. Photoluminescence spectra were collected by exciting the samples with a diode laser (λ~exc~ = 408 nm, beam diameter about 1 mm). The samples were mounted on a precision 3-axis translation stage, which allows specific regions of the samples to be selectively excited and characterized. The light emitted from the sample was collected along the direction normal to the active layer/air interface and coupled to a monochromator (iHR320, Jobin Yvon) equipped with a CCD (Symphony, Jobin Yvon) with overall spectral detection range up to 950 nm (as limited by the CCD quantum efficiency and grating diffraction efficiency). The measurements were performed in air and at ambient temperature.

Electromagnetic Simulation Methods {#sec4.5}
----------------------------------

The fluorescence radiation of a fluorophore near the surface of a nanostructure is simulated by means of the FDTD method with three steps. In our FDTD simulations, the studied region was a 3 μm × 3 μm rectangle surrounded by perfectly matched layers, and the size of the mesh was set to 2 nm. First, we calculated the extinction spectrum and the local field enhancement of a nanocage excited by plane wave at an excitation wavelength 640 nm. Then, we used an electric dipole to simulate the radiation of the dye molecule near the nanostructure. The electric dipole was set to 20--120 nm above the middle plane of the nanocage. By calculating the radiation and absorption power, we obtained the total enhancement factor *g* for a dye molecule at the radiation center wavelength of 675 nm. Finally, we obtained the collection efficiencies by calculating the energy flow through a monitoring area above the electric dipole with or without the nanostructure, and following [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, we obtained the curves shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.
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